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sTuDY(lF’MoTIoNcIFMoDELuFmRsoNAL-m OR

LIUSOX?AIRELME THROUGHTHE STUL AND

INTo THE R?crPImT sPIr7BYM.EANsoF

A FREE-FLIGHTTESTINGTECHNIQUE

5y RalphW. Stone,Jr.,WilMam G. Garner,
and LawrenceJ. Gale

A studyof the nntionof a personal-owneror liaisonairplane
throughthe staU and hto the incipientspinhas been madeby cata-
pultinga dynamicmodel into stiU air. The resultsshowedthat the
modelbecameunstalledin invertedflightafterits hit id rotationof
Slibstantiallyw “inroll. Sincethe ratesof rotationwere low, it
~ be inferredthat terminationof the ticipientspinwouldbe mat
readilyobtainedby propercontrolmovementsat thispoint.

ImcEmDucTIm

Statisticsindicatethat a largepercentageof all fatalprivate
flyingaccidentsin the past have occurredbecauseof pilot error;in
nmre than hadf of theseaccidents,the airplanestallhas been involved
(ref.1). Oftentimes,accidentsof this natureare referredto as
“stall-spin”accidentsand they occurprimarilyin the incipientphase
of a spin,that is, in that portionof the nmtioninmediatel.yfollowlng
the stalland beforea spin can fuUy develop. la addition,spindemon-
strationsof someairplanesfor the armed servicesrequirerecoveries
fh’omonly two-turnspinswhichalso may not be fullydevelopednmtions.
Data on the incipientspinare not availablealthoughmuch effortha
been expendedin the Langley20-footfree-sp-ng tunneltowardan
~erstanding of the developedspin. The problemsassociatedwith the
inciptentphaseof the spinmay be quitedifferentfrom thoseassociated
with the fullydevelopedspinand remvery therefrom. .—

A technique is being developedwith free @nsmic nmdels,shilar
to thoseused in spintesting,to studythe incipientspin. The mdel -
is catapultedInto stCU air in sucha mannerthat stalledflightoccurs, ‘-

———
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and the ensuingmtion at and bqmti the stall.Is studiedby use of
nmtion-picturerecordsfromwhichthe anglesof attackand sideslipand
the linearand angularvelocitiesare determined.Scaleeffectcould
greatlyinfluencethe motionat and justbeyotithe staidal.tdughit
has been shownto be of only secondaryhxporbxnceh developedspins.
The techniquedescribed,therefore,may be used prhuarilyto isolatethe
effectsof variousparametersrathertham to Indicatespecificincipient-
spin characteristics.The initialinvestigationwas performedto deter-
mine the motionin the incipientspinof a ‘tiel of a low-wing,single-
vertical-tailairplanetypicalof a present-dayfour-placepersonal-owner
or liaisonalrpl.aneand to determinethe extentto whichthe nmtionmay
repeatitself. The resultsof this investigationare reportedherein.

The analysisof the mtion was madewith respectto the body system
of axes. A diagramof theseaxes showingvariousauglespertinentto
the analysisis givenin figure1.

X,Y,Z

d

---

●

— .——

.—
h—

-h axes,R systemof-mutuallyperpeMicularaxes
throughairplanecenterof gravityalwaysper-

—
●

pendicularand parddel tu esrth’ssurfaceand of
constantdirection —

body SrXeS

distancealong X earthaxis fromreferencepointto
rightwing tip, tail,and centerof gravity,respectively –

distancealong Y earthaxis flromreferencepointto
rightwing tip,tail,and centerof gravity,respectively

distancealong Z earthaxis fromreferencepointto
rightwing tip,-taCl,and centerof gravity,respectively

distanceof rightwing tip from centerof ~viti *%
X, Y, and Z earthaxes,respectively

distanceof tail from center_ofgravityalong X, Y,
and Z earthaxes,respectively

spanof nmdel,ft

tail length(Mstance betweencenterof gravit and fiter-
Tsectionof ~ with trailingedgeof ridder , ft

6
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P

v

U,v,w

a

h
“*

P

mean aerodynamicchord,ft
.——

ratioof distanceof centerof gravityrearwaxdOf kadiq
edgeof mean aerdymmi c chordto mean aerodynamicchord

ratioof distancebetweencenterof gravi~ and fuselage
referenceline to mean aerodynamicchord(positivewhen ‘
centerof gravityIs below fuselagereferenceline)

Mss of airplane,slugs

momentsof inertiaabout XBj yB, W ~ ‘s)

respectively,slug-feet2

inertia

inertia

hertia

yawing-mxnent

rcl~n-moment parameter

pitching-momentparsmeter

air density,slugs/cuft

resultantveloci* of centerof gravity,ft/sec

conqymentsof velocity V along X, Y, and Z earth
axes,respectively,ft/sec

CODQOIEltSOf Vd-OCity v d-0~ XB, YB, =d ~ -’S,
respectively,ft/sec

angleof attack, tan-l~, deg
%3

vB
angleof sidesl.ip,si+ ~, deg

altitudeloss,ft

ro~~ ~ -city about XB} ti_/6ec

.—

.-

.
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pi.~chingqngular~el..ocltyabout YB, radians/see

w- ~ velocityabout ~, mMans/sec

projectionsof XB ~ yBj reqecti~e~, on

earth X,Y plane (fig.1)

position XB ~d.d we if a~~e were
YB until XB lay in earth X,Y plane

position yB woti t-e if a~hne were
XB until YB lay h earth X,Y plane

position ~ wouldtake if ai@ane were

yB ~til XB hy h -h X,y pke

position ~ wouldtake if airplanewere
XB ~til yB ky in -h X,y p~e

rotatedabout
(fig.1)

rotatedabout
(fig.1)

rotatedabout

(fig.1)

rotatedabout
(fig.1)

anglethat XB ads makeswith earth X,Y plane,

positivevhen nose is aboveplane (Euler’ssingle6)

anglebetween YB and line OD (fig.1) (Euler’s
angle fl)

anglebetween X earthsxls and CM measuredas shown
in figurelfrom OOto36@(Ner’s angle ~)

rateof changeof ~ with the, radians/see

rateof changeof # with time,radians/see

rate of changeof (3 vlth t~, radians/sec

anglebetween Y earthaxisand ~ measuredas shown
in figureI from 00 to 3600

anglethat YB axismakeswith -h X,Y planeposi-
tivewhen rightwing is belowplane

angle

angle

between XB and line OB (fQ. 1)

in X,Y planebetween (2A and OB or between OC
OD (fig.1)

w
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AEMRAm AND METHDDS

Mm&L .—

The modelused in this Investigationwas a configurationsimilar
with respectto mass and &lmensionalcharacteristicsto oti investigated
in reference2 for fullydevelopedspinand recoverycharacteristics.
Basedon the model sizeand the averagedimensionsobtainedfor a l.srge
nuniberof personal-owneraiqlane designs,the model-y be mnsidered
to be a 1/12.4scaleof a personal-owneror liaisonairplane. The weight
and momentsof inertiaof the xmdelrepresentthoseof an airplanetypical
of this type. A three-viewdrawingof the mdel is shownin figure2 and
the mass and dimensionalcharacteristicsof a correspondingfall-scale
airplaneare tabulatedin table1.

The model was constructedprinc@alJy of balsa and reinforcedwith
spruceand cedar. A plmtographof the model is shownin figure3. In
accordancewith spin-tunnelpractice,the propellerand ~ gearw-e
not simulatedon the model. The modelwtng had an NACA 43012airfoil
sectionwhich at low Reynoldsnuniberhs a ska’pbreak in the Mft curve
at the stall. (Seeref. 3.)

A-tus

The testswere performedinsidea buildingapproximately70 feet
squareand 60 feet high. The launchingapparatus,shownin fLgure4,
was located55 feet abovethe floornear one wall of the buildlngand
consistedprhnarllyof an elasticchordwhich catapultedthe mdel from
its launchingplatformalonga shorttrack. The launchingplatform
couldbe adjustedto set the nmdelattitudeand thus the launchingangle
of attack. An electronictimerwas used to measurethe modelvelocity
justafterit was LMlllched.Fixedmotion-picturecameraswere located
alongthe wallsparalleland perpendicularto the Initiallaunchlng
directionto recordthe Mel nmtion. The camerashad overlappingfields
so that the modelwas in tiew of at leasttwo of the cameras,locatedat
rightanglesto one another,throughoutits flight. The motion-picture
recordswere synchronizedby use of a mmumn timingMght reflectedinto
the camerafields. A largenet for nmdelretrievingpurposeswas hung
fromthe wall oppositethe launchinga~atus. ..

TestingTechniqw

The modelwas catapultedfrom the launchingapparatusat a speed
slightlyin excessof the staU&n~ speedand at an angleof attackjust



6 rum m 2923

belowthe stallangleo~attack. The elevatorcontrolof the modelwas P

set so as to pitchthe mdel from the launchlngangleof attack~ through
the stalland the rudderwas set to initiatea yawingnmtlonand thusto

..-

precipitatea roll-offafterstaUing.
●

As previouslymentioned,photographictime historiesof the model

mtion were madewith a systemof mtioqicture camerasarranged80 as
to havethe mdel h the fieldof two cameraswith perpendicularfocal
axes at all times. When at an instantof the the nmdel is h the field
of two cameraslocatedat rightanglesto one another,the spacecoordi-
natesof the model canbe determined.By thismeans,the model couldbe

..

locatedat any instantflxnnthe time of catapult until the time the model
struckthe retrievingnet. From a lmowledgeof the spacecoordinates
and theirinstantaneoustime values,the velocitiesof the xwdelwere
obtatn&dalongthe earthmces. Then,the attitudeof the modelat any
instantbeingknown,angleof attack,angleof sideslip,and linearand
angularvelocitieswere calculated.The derivationof eauationsfor these
calctitio~ is presented

Test

In the appendix. _. —
.

F

Conditionsand Accuracy

For the tests,the mdel was baUasted with leadweightsto repre- W

senta correspondingairplaneat an altitudeof 5,000feet (p = 0.002049
slug/cuft).

For this investigation,the controlsof the modelwere set so as to
causethe mdel.-tostalland entera spin soonafterlaunching. The

—

settingsof the controlswere as follows:

Elevatorfullup, deg..... . . . . . . . . . . . . . . ..O ..30
Ailerons,deg ...,... . . . . . . . . . . . . . . . . . . ...0
Rudderfullydeflected(In directiondesiredfor roll-off), deg . . . 30

The stallingangleand stalMng speedof the modelwere dete~ed
—

from forcetestsof the model conductedon a strain-gagebahnce In the
== 20-footfree-spinningtunnel. The Reynoldsnuniberof the present
investigationwas approximately1 x d basedon the mean aemdymdc
chordof the model.

Errorsin the measuredmotionwere mgnified becausegraphicaldif-
ferentiationwas requiredin reducingthe data. For the currenttests,
the accuracy was estimated to be withinthe followingllmits:
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a,deg. . . . . . . . . . . . . . . . . . . . . . . . . . . . ●

p, deg . . . . . . . . . . . . . ● mm*.**..****.*

u,v, w(fuM. scale),ft/8ec . . . . . . . . . . . . . . . . . .
UB,VB,WB(~Sm)J ft/8ec . . . . . . . . . . . . . . . . .

p> % r (~scah), radians/see . . . . . .. . . . . . . . . .
A1.titudeloss(fullscale), ft . . . . . . . . . . . . . . . . .
Weight,percent . . . . . . . . . . . . . ● . . . . ● ● ● ● ● ●

Center-of-gravityposition,percent5 . . . . . . . . . . . . .
Momentsofinertk,percent . . . . . . . . . . . . . . . . . .
Controlsettings,deg . . . . . . . . . . . . . . . . . . . . .

RESULTSANDDIMXISSIOH

● ✎
*5
*4

:;1.3
.*b.9
*O.15
. . *1
. . *1
. . Q
.0 *5
. . il

TIErestitsof the testsare presentedin figures5 and6. TIM
modeltest data havebe~ convertedto full-scalevaluesfor a corre-
spondingairplaneat a test altitudeof 5,000feetbased on the premise
that themdel scalewas l/12.4. Fllmstrlps showingthe motionof the
modelas it stallsand entersa spinare presentedin figure7.

.—

-.

The resultsas the mdel rolledto the rightand enteredan incipient
spinare presentedin f-e 5 for an initialand a repeattest. Varia-
tionswith time of the angleof attack,angleof sMeslip, altitudeloss,
and the ratesof roll,pitch,and yaw.are givenin figure5. Sketchesof
the a~roximate attitudeof the nmdelat -ious phasesof the nmtionare
also shun in figure5., As was previouslynchd, the elevatorwas full
WP (300)d the rudderwas full right (300)for thesetests. Soon after
the model stalled,it againbecameunstalled(time,approx.1.75 see),
went invertedfor a part of its motton,and assumeda ve~ M angleof
attackmomentarilybeforeagainstallingand continuingtowarda developed
spinnmtlon,suchas reportedin reference2. After the initialstalland
hmediately afterthe nmdelbecameunstalled,the ratesof yaw and pitch
were relativelysmalland the rate of rollbegan to decrease. Therealso
was littleloss of altitude~ to this time and the resultsindicatedthat,
eventhoughthe airplanemW be inverted,a time soontier the roll-off
has startedappearsto be a desirablethe to att~t to terminatethe
motion. This conclusionis in agreementwith pilots’~erience that
recoveriesattemptedsoonafteran aiqplanestalh and rollsoff are
more readily obtainablethan thoseattemptedfrom developedspins.

—

The motionobtainedmay be qualitativelyanalyzedas follows: After
being launched,the mdel imediatel.ypitchedup and yawedrightbecause
of the initialsettingsof the elevatorand rudder,respectively.As the
motionprogressed,the sideslipangle p becamenegativebecauseof the
~~ ~tion; WS sideslipangletendedto causethe model to rold. off
as a resultof th dihedraleffect. & WSS pIWhlS~ noted,the w~
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had an WA 43(X2 alrfollsectionfor whichthe lift curvehas a sharp
breakat the stall (ref.3); this effectundmibtedlyasnted th model
roll-offbecauseof a loss In dsmplngIn roll.beyondthe stall. When
the modelagsdnbec~ uustal.led,the dampingin roll led to decreased
rate of roll (p)untilthe stallreoccurredwith the resultlngincrease
in rati of roll. Changesin sideslipangleoccurredas the modelrolled

crementsof positiveand negativevelocitycomponentsalongtheand in
YE axiswere obtainedas the rightor leftwing,respectively,was
inclineddcmnward.

One of the main objectivesof the Investigationwas to ascertain
whethermotionsthroughthe s- and intothe incipientspin couldbe
reliablyindicatedby meansof free dynamicmdels. The repeattest,
the reml.tsof whichare shownin figure5, was madewith the test con-
ditionsnearlythe same,Insofaras the availableequipuentallowed,
as thoseof the originalor initialtest in orderto determinewhether
the motionwouldrepeatitself. Althoughtherewere somedifferences
for the repeattest in tht the nmdelhad a nmrepositivepitching
velocityand a somewhat~ifferent sideslipanglethan for the initial
test,the resultsin geneml are in good agreement. Quantitatively,
the resultsare genemlly closeto or withinthe estlmxbsdlimitsof
accuracyand indicatethatthe nmdelprobablyrepeatsits nmtionsfor
Si!dhr launchingconditions.Becauseof the unsteadynatureof the
air flowwhich existsat and beyondthe stall,it has been thoughtthat
airplanesmay not repeatnmtionsIn the stalled-flightregime. The
resultsfromthe repeattest and experiencein spinand spin-remvery
work,however,indicatethatx)tionsat and beyondthe stallmy gen.
erallyrepeatthemselvesexceptfor criticalcasessuchas havebeen
encounteredin studiesof developedspinswhen the spinand recovery
changeunaccountably.

The mtions discussedare for power-offstallsand the use of puwer
my appreciablyalterthe motionor the symetry from thatpresented
herein. The resultsshoti not be interpretedas representingthe
motionsof an airplanecorrespondhgpreciselyto the model,becauseof
scaleeffects,but canbe mnsidered indicativeof the trendsin the
motionof a typicalpersonal-owneror liaisonairplane. Changesin
configuration,wlmg loading,and mass distributionaho my alterthe
resultsappreciably.

In orderto evaluatethe symmetryof the modeland to ascertain
that the motionto the rightpreviouslydiscussedwas not Influenced
Prmi~ by nmdelasymmetry,testswere cofitictedto determinethe
~t~io~ the rudderset ~ left (300). The resultsare presented

As before,the variationof angleof attack,angleof
sideslip,& angularvelocitieswith tim are presentedas the nmdel
stalledand rolledto the leftpriorto enteringa spinto the left.

—.

v

.
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A comparisonof figure6 with fl.gure5 indicatesthat the model,which
appearedto be dimensionallysymmetrical,showedgenerallysimilarmotions
when the rudderwas set eitherto the rightor to the left.

COWLUOING REMhRKB

An investigationhas been conductedto studythe nmtlonof a free
dynamicnmdelof a personal-wneror liaisona~lane throughthe stall
and intothe ticiplentspin. This dynamic-modeltechuiquedoes not lend
itselfto spectiicor developmentstudiesof a givendesignbecauseof
probablescaleeffectsexistingat the stall;however,the metlmdIs

.—

applicablefor Micat ing the trendsof the motionthroughthe stalland
intothe incipientspinti possiblythe effectof certainparameterson
thismotion. The resultsshowedthat the modelbecameunstalledin
invertedflightafterits tiitlalrotationof mibstantially1800 in roll.
Sincethe ratesof rotationwere low, it my be inferredthat termination
of the Incipientspinwouldbe most readilyobtained.by propercontrol
nmvementsat thispoint. The resultsof the modelflightsshowthat
the motionis generallyrepeatableand t~t, power effectsbeing excluded,
a geometricallysymmetricalmodel shouldhave fairlysymmetricalmotions
to the rightand to the left.

LangleyAeronauticalLaboratory,
NationalAdtisoryCommitteefor Aeronautics,

~ey Field,Va., January28, 1953. . ——
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APPENDIX

w

DERIVATIONOF EQIM!MONSFOR EVALUATION(X? —.. .—

PMMErERS IN n?cIPIENT-sPINMoTIolv

The determinationof angleof attack,angleof sldeslip,and the
angularvelocitiesof the nmdel in flightare basedupon calculating
its componentvelocitiesalongthe body =es. The determinationof

-.

thesevelocitiesis accomplishedby differentiatingthe respective
earth-axisspacecoordinatesof the model against time to obtainthe
earth-axesvelocitiesof the niodkland tti resolvlngby trigonometric

—

meanEthesevelocitiesto a body-sxessystem. The followingprocess
Wae used.

If X, Y,and Z aretheearthaxes,&nd XB, YB,ti ~ 8re
the body axes,both systemshavingtheiroriginat the centerof gratity
of the nmdel,the relationshipsbetweenearth-axesvelocitiesad body-
axes velocitiesare as follon: .-

.

VB = UCOS~XyB+VCOS~nB+ WCOS~mB

(Al)

(A2)

(A3)

where ~ XXB) ~ YxB) sad so forth,are anglesbetweenthe earthand -

body axesdesignated.Thesenine angles,Whichrelatethe velocities t:
alongthe earthand body axes through direction --- ~ therefore-t be – .

.-—

found. The coordinatesof the modelrighti5hg and tail referencepoints
.
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9

(wingtip in X~,Y~ plane@ tall cone in X~,~ plane,respectively)

from the centerof gravityare determined:
.

~ = Y% ‘. Yrcg

% = ‘rR - %Cg

YT ‘Y 9 - Yrcg

% = %T - ‘rcg
.

canbe obtakd
coordinates,the angles (3, ~,

(seefl.g.1):

Cos *“)

Cos #’)

w

..—

h *’, e’,
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r

From figures1 and 8 and fromthe determinationof the anglescal-
culatedin equations(A4) the trigonometricfmctlons necessaryfor the
solutionof equations(Al~and (A2)can be obtainedas follows: ‘r

CO13~=B=COiS~COSe (A5)

C06 ~~B = Cos *’ Cos ~’ (A8)

(A1O)

The determinationof the trigonometricfunctionsneededfor the
——

solutionof equation(A3)is somewhatmore difficultthan thosefor ““ =
equations (Al) and (A2). Thesefunctionsmaybe foundby considemtion
of the sphericaltrianglesdepictedin figure8. . .

.:

t206~q=c0t3e COS#= c0t3ef COs#’ (All)

Also, frwnfigure 8 ~. ..= =---

co8@qysin[qcoa[xzzJJ
.- ..-—

.
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where

“’-”i====

13

..—

and

coa~xzzB =coB*co8 &m+ sinqsin&zF

or

ms*sin Ocos Q!+sin *sin d

Therefore,

cot3~xzB= cosqsin ecosfl+sin~eln $

mw

where

cos~Yqpsinqcof3&m -cos *Bin&m

or

(m

.-. .—

—
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Therefore,

(Notethat angles ~, Y%, and

of the sphericaltriangleashownin

ecos@- coa * sin $ (li13)

Z@’ are angleabetweenthe arcs

fig@e 8.) Thus,with the equa-

.

tlons (A5).to (A13), the nine necessarydirectioncosinesare determined
and equations(Al) to, (A3) may be solvedfor the velocitiesalongthe
body axea. The velocitiesalongthe earthaxeanecessaryfor the solu-
tion of theseequationaare obtained,aa waa Micated previously,by
takingthe firstderivativeof the space coordinates with respectto
time.

From a solutionof egpations(Al)and (A3)whereina determination
—

of the velocitiesof the centerof gravityalongthe X and Z body
axes has been made,the angleof attack,measuredat the centerof gravity “–
and definedaa the anglebetweenthe X bdy sxl.aand the pro~ectionof
the relativewind on the XB,~ plane,can be calculatedas follows:

If the resultantvelocityof the ndel ia calculated

i
v=u# + VB2+

bheangleof sideslipw be calculatedas

VB
p = sin-l ~

WB2

follows :

(Au)

(AH)

w)

For a determinationof the angularvelocities p, q, and r, refer-
ence4 was used. The angularvelocitiesare determinedon the basisof



.

.
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Ner’s angles,whichare hereindefinedas ~, 8, and ~. TIE eqw.
tionsfor the angularvelocitiesthereforeare as follows:

P=ja-$sine

~= 6cos#+ljsin#cose

r=~cos$cose-bsinfd

(JU8)
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ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

W*
Nrfoilnectiwl. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Mmlenca, dog

IUCAk30u

Diba’al,deg.:::::::: ::::::::::::::::: ::::::::::::: :2
Tum#66g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . 0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...33.63
~~-,~,fi..... . . . . . . . . . . . . . . . . . . . . . . . ...4.69
~@Emti-~ocl=d remwerd Oflendingellgaofl?illg, ft. . . . . ...0.05
!bprzmtio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..l.W
Area, mllrt.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .M.*
-~t~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.53

Ailercm:
Qrmn, ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...7.15
Area, mmardofblngeume, aqft. . . . . . . . . . . . . . , . . . . . . . . . . . . 15.70

WAmntaLtail ●mfme:
QFall,f t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..M.2S
Totalarea, mart. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26.39
Xkvatorareareamara Ofhillgellne, oqrt . . . . . . . . . . . . . . . . . . . . . ..ll.oB
Ampectratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...3.98
nlciaeme, m........ . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...0
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